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FOREWORD (Nontechnical summary)
Under normal conditions the central nervous system has a unique ability for restricting the passage of various substances from the blood vessels into the surrounding brain tissue. This special property exists only in brain tissue and has been attributed to the presence of a barrier between the blood and the brain tissue, suitably termed the blood-brain barrier.
This barrier may be changed by head injuries or other adverse conditions, such as radiation, increasing its permeability and permitting the accumulation of fluid in the brain tissue. The presence of an abnormal amount of fluid in the brain can cause a central nervous system malfunction. Of considerable interest is the mechanism by which this fluid is transported.
The use of a tracer has been employed in the present study to determine how this fluid transfer may develop. Horseradish peroxidase (HRP), an enzyme, was intravenously injected into irradiated and control nonirradiated animals. The medullary sections of the brain of the injected animals were removed after they were fixed by immersion. The sections were cut into 50 ptm slices and placed in a special incubation medium containing a substrate to the enzyme. The enzyme and the substrate form a reaction product at the site of action (in the vicinity of the blood-brain barrier) which can be viewed as an electron opaque material under the electron microscope.
The examination of electron micrographs of the brain tissue of irradiated and nonirradiated control animals indicates that the mode of transcapillary passage of HRP is apparently micropinocytosis (transport across the cells lining blood vessels) in and not simple diffusion through the blood vessels or through junctional gaps between the endothelial cells which form the wall of the blood vessels. It appears, then, that damage caused by high doses of radiation initiates increased vascular permeability which may lead to the edematous condition observed in the irradiated animal.
iv ABSTRACT Sprague-Dawley rats were subjected to a whole-body dose of 15 krads of mixed gamma-neutron radiation. Following irradiation, the animals were intravenously injected with horseradish peroxidase (HRP) and sacrificed. The medullae of these animals were fixed either by perfusion or by immersion, incubated in a substrate medium and processed for electron microscopic examination. In control animals subjected to the same procedures, the reaction product of the enzyme HRP and its substrate was confined to the lumina of the blood vessels in the brain fixed by immersion and completely washed out of the blood vessels of the brain fixed by perfusion. 
H. MATERIALS AND METHODS
One hundred and sixty Sprague-Dawley rats of the Charles River strain, weighing approximately 200 grams, were used. These animals were divided into two groups. One group was exposed to a pulse of 15 krads of whole-body mixed gammaneutron radiation from the AFRRI-TRIGA reactor while the other served as nonirradiated controls. These two groups of animals were subsequently further divided into two groups, one injected intravenously with 33 mg of horseradish peroxidase dissolved in 
III. RESULTS
The ultrastructure of the brain tissue of normal nonirradiated animals injected with the tracer did not differ from that of animals not injected. These results did not change significantly even when the peroxidase remained in the bloodstream for 1 hour before the animals were sacrificed.
The peroxidase activity was confined to the lumina of the capillaries of control 20 animals whose tissue had been fixed by immersion (Figure 1) .
The radiation dose used did not cause a drastic change in fine structure within 2 hours after exposure.
There were, however, some subtle changes which were clearly significant. Figure 6 . Medullary oligodendrocytes of a normal rat (a) and a rat exposed to 15 krads of whole-body mixed gamma-neutron radiation (b). Enlarged rough endoplasmic reticulum (RER) and nuclear envelope (NE) may be seen. X 20,595
IV. DISCUSSION It has been established not only that a permeability change in the capillaries of cardiac and skeletal muscle involves an alteration in the endothelium but that peroxidase crossed the capillary endothelium by two means, i. e. , pinocytotic vesicles and junctional channels between endothelial cells. Therefore, the failure of circulating peroxidase to cross the endothelium of brain capillaries might well be due to the absence of these channels and the low rate of transport in pinocytotic vesicles.
Since it is generally believed that the separation of the endothelial cells (junctions) constitutes an important factor in the formation of protein-rich inflammatory 15 edema in tissues outside the nervous system, one would expect this to be true for brain tissues. However, the present study has indicated that relatively high doses of radiation increase pinocytotic activity with no apparent change in the endothelial cell junctions.
These observations do not contradict the idea that, of the two means of transcapillary transport, the endothelial tight junction constitutes the main morphological o substrate of the BBB for protein.
They merely support the suggestion that under certain pathological conditions an intensified pinocytotic activity could ferry appre-5 ciable amounts of protein across the endothelium.
Since there are no observable postirradiation changes in the endothelial cell junctions, yet there is a definite noticeable increase in micropinocytotic vesicle activity, it is quite logical to assume that the latter may become the dominant means of transcapillary passage in edema formation. According to our observations, this is apparently true. It is further substantiated by a number of reports '' 8 which state that phagocytosis and pinocytosis of a significant amount of colloidal tracer or fluid materials from the capillary lumen probably occur only under abnormal conditions.
However, this assumption appears to be contrary to a previous suggestion that pinocytosis should be more efficient under optimal physiological conditions than under 3 pathological conditions and that pinocytosis is normally a comparatively slow process.
The tracer used in the present study has implicated pinocytosis as the possible cause for increased permeability and subsequent edema in irradiated animals initiated by transcapillary passage of particles comparable in size to that of a molecule of HRP.
Smaller molecules which contribute to edema formation may also utilize the tight junctions or diffusion directly across endothelial cells as a passageway. The accumulation of glycogen occurring immediately after irradiation is very likely a direct effect of radiation upon the metabolic machinery of the astrocyte since it occurs before any sign of tissue injury.
The edematous condition which develops in brain tissue of animals exposed to relatively high doses of ionizing radiation is due to an increased vascular permeabil ity. According to the present study, this pathologic condition is evidently not due to a change in the endothelial cell tight junctions but is apparently the result of an enhanced micropinocytosis capable of increasing transcapillary passage of protein-rich vascular fluid into the brain parenchymal tissue. It appears, then, that damage caused by high doses of radiation initiates increased vascular permeability which may lead to the edematous condition observed in the irradiated animal.
